Background: Human infection with avian influenza H7N9 virus was first reported in 2013. Since the fifth epidemic, a highly pathogenic avian influenza (HPAI) H7N9 virus has emerged and caused 33 human infections. Several potential NAI resistance sites have been found in human cases. However, the drug susceptibility and replication ability of HPAI H7N9 virus with such substitutions have not yet been studied.
Background
In March 2013, China reported the first human infection with a novel reassortant avian influenza H7N9 virus [1] . As of 27 April 2019, the avian influenza A (H7N9) virus has caused five significant epidemic waves, leading to 1567 laboratory-confirmed cases and 614 fatal cases (http://www.chinaivdc.cn/cnic/en/Surveillance/WeeklyReport/201904/t20190427_201686.htm). The number of H7N9 human cases was greater than that of any other avian influenza virus that infects humans. The viruses detected in the first four waves were all low pathogenic avian influenza (LPAI) H7N9 viruses, which were nonlethal in poultry. The fifth epidemic wave started from Oct. 1, 2016 to Sep. 30, 2017, with 779 laboratoryconfirmed cases reported in mainland China, and it is considered the largest epidemic wave so far [2] . Multiple basic amino acid insertions in the cleavage site of hemagglutinin have been observed since the fifth wave, which supported the emergence of HPAI H7N9 viruses [3] [4] [5] . HPAI H7N9 viruses, which are lethal in chickens, were also detected in poultry in wave five [6] . In addition, HPAI H7N9 viruses have evolved rapidly, and some strains have become well adapted to and lethal in ducks [7] . Human and poultry infections by HPAI H7N9 viruses across China pose a great challenge to disease prevention and control.
Since 2010, neuraminidase inhibitors (NAIs) are the only class of antivirals recommended by the WHO for the treatment of influenza infections [8] . The approved NAIs in China, including oseltamivir, zanamivir and peramivir, are currently the principal treatment options for managing influenza infection [9] . There are 19 highly conserved residues in the NA active site of all influenza A and B viruses. These include eight catalytic residues (R118, D151, R152, R224, E276, R292, R371, and Y406) that directly contact the sialic acid (SA) and 11 framework residues (E119, R156, W178, S179, D198, I222, E227, H274, E277, N294, and E425) that support the enzymatic binding pocket [10] . When amino acid mutations occur in key regions of NA, the sensitivity of the virus to NAIs may be reduced, thus affecting the therapeutic effect of the drugs.
We previously reported that the proportion of viruses with mutations potentially related to reduced susceptibility to NAIs in LPAI H7N9 was approximately 6% [11] , while more than 20% in HPAI H7N9 [5] . One study reported the introduction of 14 amino acid substitutions in the recombinant neuraminidase protein of A/Shanghai/2/2013 (LPAI H7N9) for drug susceptibility evaluation. The research demonstrated that R292K and H274Y conferred a high increase in oseltamivir IC 50 , and E119D conferred the highest IC 50 to zanamivir reported [12] . It was recently reported that artificially created HPAI H7N9 with an NA 294 K mutation caused multidrug resistance and attenuated virus replication in NHBE cells [13] . However, systematic identification of potential NAI resistance sites and growth characteristics of HPAI H7N9 viruses isolated from human cases have not yet been reported.
In this study, recombinant influenza viruses were generated in the homogeneous genetic background of the HPAI H7N9 virus, A/Guangdong/17SF006/2017 (H7N9). NA substitutions associated with reduced inhibition to NAIs, which were found in HPAI H7N9 viruses isolated from patients, were introduced into A/Guangdong/17SF006/ 2017 (H7N9) by reverse genetics. We examined the effect of NA amino acid substitutions on NAI susceptibility and viral replication efficiency in vitro.
Methods

Potential NAI resistance mutations in HPAI H7N9 influenza viruses from human cases
Since the fifth epidemic wave, a highly pathogenic avian influenza (HPAI) H7N9 virus has emerged and caused human infections in China. HPAI H7N9 viruses isolated from human cases collected from Dec. 1, 2016, to Apr. 27, 2019, were obtained from the Chinese National Influenza Surveillance Network, which covers 32 provinces in mainland China (including the autonomous regions/ municipalities directly under the Central Government), including 408 network laboratories and 554 sentinel hospitals. Virus isolation was conducted in a biosafety level 3 facility by inoculating 0.2-ml original samples allantoically into 9~11-day-old specific-pathogen-free (SPF) embryonated chicken eggs. After sequencing, HPAI H7N9 sequences were analyzed to identify amino acid substitutions related to potentially reduced susceptibility to NAIs. The criteria for screening potential drug resistance sites of HPAI H7N9 virus were as follows: 1) NAI resistance sites in other subtypes of influenza virus that have been reported previously and 2) 19 highly conserved residues in the NA active site of all influenza A, which may be related to resistance.
Cell preparation
Madin-Darby canine kidney (MDCK) cells and human embryonic kidney (293 T) cells were grown and maintained in Dulbecco's modified Eagle's medium (DMEM; Invitrogen) supplemented with 10% fetal bovine serum (FBS; Invitrogen), HEPES (10 mM, Invitrogen), penicillin (100 units/ml), and streptomycin (100 μg/ml, Invitrogen).
Site-directed mutagenesis
A virus containing amino acid substitutions in sites related to potentially reduced susceptibility to NAIs in HPAI H7N9 viruses, including R292 K, E119V, A246T and H274Y, was constructed in this study. An HPAI H7N9 virus, A/Guangdong/17SF006/2017 isolated from humans that had resulted in fatal outcomes, was used as the backbone virus, and its NA contained 292 K. All eight gene segments of influenza virus A/Guangdong/ 17SF006/2017 (H7N9) were artificially synthesized (Sangon Biotech) and cloned into the pHW2000 vector. The wild-type A/Guangdong/17SF006/2017 (H7N9) virus encoded 292 K, 119E, 246A and 274H in the NA protein.
First, a single-point mutation was introduced to convert 292 K in NA to 292R. Then, in the 292R background, single-point mutations 119 V, 246 T or 274Y in the NA gene were carried out. 292R, 119 V, 246 T or 274Y substitutions were generated with the following primers:
NA K292R Forward, ccctgccaattgtccctgcatgtgcaggtaatc; NA K292R Reverse, gattacctgcacatgcagggacaattggcaggg; NA E119V Forward, gtcgcatgaaacatagggtactcttgtgactaaaacatc; NA E119V Reverse, gatgttttagtcacaagagtaccctatgtttcatgcgac; NA A246T Forward, caccgatgggcctacaactggacctgcag; NA A246T Reverse, gtggctacccggatgttgacctggacgtc; NA H274Y Forward, ggaactgctaagtacattgaagaatg; NA H274Y Reverse, ccttgacgattcatgtaacttcttac.
Mutations were introduced into the NA plasmid using the QuikChange Site-Directed Mutagenesis Kit (Stratagene). The presence of the introduced mutations and the absence of additional unwanted mutations were verified by sequencing of the entire cDNA.
Generation of recombinant viruses and virus titration
The recombinant viruses were generated by reverse genetics as previously reported. In general, the eight gene segments were cloned into the pHW2000 vector and cotransfected into 293 T/MDCK cocultured monolayers at 37°C for 24 h [14] . Then, Opti-MEM supplemented with trypsin (1 μg/ml) (Sigma-Aldrich) was added. Culture supernatant was collected at 72 h and inoculated into 9~11-day-old SPF embryonated chicken eggs. A hemagglutination test was used for the detection of productive virus infection. Virus stocks were sequenced for verification, and virus titers were determined on MDCK cells.
NA inhibition test
The NA inhibitors oseltamivir carboxylate (oseltamivir; Hoffman-La Roche) and zanamivir (GlaxoSmithKline) were prepared in sterile distilled water and stored in aliquots at − 30°C until use.
Inhibition of NA enzyme activity by the 2 NA inhibitors was assessed in the fluorescence-based NA inhibition assay using the NA-Fluor Influenza Neuraminidase Assay Kit (Applied Biosystems, ThermoFisher) as previously described [15] . IC 50 values, defined as the concentration of drug required to reduce enzyme activity by 50%, were calculated using GraphPad Prism 5 software. The IC 50 values reported are the means (±SD) of IC 50 values measured for at least 2 independent tests with 2 duplicates for each sample. Interpretation of IC 50 values (obtained by comparing the test virus with the drug-sensitive reference virus) was performed using the WHO AVWG criteria for influenza A viruses: a < 10-fold increase in IC 50 represents normal inhibition, a 10~100-fold increase represents reduced inhibition, while a > 100-fold increase is highly reduced inhibition.
Growth kinetics in MDCK cells
MDCK cells were infected at an MOI of 0.001 with the recombinant viruses for multicycle replication under the conditions of 5% CO 2 and 37°C. After 1 h of incubation, cells were washed twice with PBS, and infection medium containing TPCK-trypsin was added. At time points 0, 18, 24, 48, 72 and 96 h post-infection, supernatants were collected, and 3 biological repeats were set up for each sample. Viral titers were determined on MDCK cells.
Crystal structure display of NA resistance sites
The existing NA protein crystal structure of A/Anhui/1/ 2013 H7N9 virus (PDB ID: 4MWJ) in Protein Data Bank (PDB) was used, based on which a crystal structure model of the NA monomer was obtained. DeepView v4.1.0 software was used to display and label drug resistance-related mutations.
Statistical analysis
Student's t test (unpaired, two-tailed) was calculated using GraphPad Prism software (GraphPad Software Inc., CA, USA). A P value of < 0.05 was considered significant.
Biosafety
All experiments involving HPAI H7N9 viruses were performed by qualified personnel in a BSL-3 laboratory.
Results
Potential NAI resistance mutations in HPAI H7N9 viruses from human cases Up until April 2019, 33 cases were confirmed to be infected with HPAI H7N9 virus based on the sequence of hemagglutinin, with illness onset dates from December 2016 to April 2019. Among them, 15 were fatal cases. Four potential NAI resistance sites, 292 K, 119 V, 246 T or 274Y in the NA protein, have been identified in HPAI H7N9-infected cases (Table 1) , and the characterization of other viral proteins is shown in Additional file 1: Table S1 . In total, 9 human cases were infected with HPAI H7N9 viruses containing potential NA resistance mutations (9/33, 27%), including 5 fatal cases and 4 recovered cases (Table 1) .
In China, NAI S (oseltamivir, zanamivir or peramivir) are used in hospitalized cases for influenza treatment, of which oseltamivir is the most common [16] . Among the 9 human cases infected with HPAI H7N9 viruses containing the above potential NA resistance mutations, 7 cases were treated with NAIs. The use of NAIs by the other 2 patients is unknown.
Generation of a recombinant, highly pathogenic avian influenza a (H7N9) virus
In this study, A/Guangdong/17SF006/2017 (H7N9) was used as a backbone (called rg006-NA292K), which contained NA 292 K -a mutation related to reduced susceptibility to NAIs. A NAI-sensitive virus containing NA 292R, called rg006-NA292R, was constructed first by reverse genetics based on rg006-NA292K. The other 3 amino acid substitutions (119 V, 246 T, 274Y) were introduced into the cDNA encoding the NA of rg006-NA292R. The recombinant viruses (called rg006-NA119V, rg006-NA246T and rg006-NA274Y) were generated by reverse genetics. The nucleotide changes were as follows: for E119V, E/GAA to V/GTA; for A246T, A/GCC to T/ACA; for H274Y, H/CAT to Y/TAT (Table 1 ). All the constructed plasmids were sequenced to ensure fidelity to the strain and/or the presence of the desired mutations. All rescued viruses had sufficient NA activity (data not shown) for NI assay testing.
Assessment of susceptibility to neuraminidase inhibitors
The NAI assay was used to investigate the effect of the introduced amino acid substitutions on drug susceptibility. The resulting NA inhibition profiles for oseltamivir and zanamivir are shown in Table 2 . A/Texas/ 12/2007 (H3N2 119E) and A/Texas/12/2007 (H3N2 119 V) were used as control viruses in the drug sensitivity test. The E119V mutation in N2 has been reported to significantly reduce the sensitivity of the virus to oseltamivir but not to zanamivir. The data in this study were consistent with previous reports. Rg006-NA292R virus, which encodes 119E, 246A and 274H in the NA protein, is sensitive to oseltamivir (mean IC 50 (nM) ± SD, 1.24 ± 0.01) or zanamivir (mean IC 50 (nM) ± SD, 1.50 ± 0.10). However, the substitution E119V in the NA protein induced a mean 90.77-fold increase in the IC 50 of oseltamivir (mean IC 50 (nM) ± SD, 112.55 ± 17.25). In addition, the substitution H274Y in the NA protein induced a mean 23.40-fold increase in the IC 50 of oseltamivir (mean IC 50 (nM) ± SD, 29.01 ± 0.18). Furthermore, the substitution A246T in the NA protein induced a mean 10.97-fold increase in the IC 50 of zanamivir (mean IC 50 (nM) ± SD, 16.46 ± 0.59). The 292 K in the NA protein induced a mean 3686.29-fold increase in the IC 50 of oseltamivir (mean IC 50 (nM) ± SD, 4571 ± 54.7) and a mean 21.68-fold increase in the IC 50 of zanamivir (mean IC 50 (nM) ± SD, 32.52 ± 4.53). 292 K in the NA protein of HPAI H7N9 virus induced high and multiple-drug resistance. In conclusion, the reverse genetically constructed HPAI H7N9 viruses containing 292 K, 119 V, 274Y or 246 T in NA could reduce the sensitivity of viruses to oseltamivir or zanamivir.
Growth characteristics of mutant viruses
To test the effect of the NAI resistance mutations on the growth characteristics of the virus, we determined infectious titers in MDCK cells. MDCK cells were infected at (Fig. 1) . No significant difference in infectious titers in MDCK cells was observed (except for rg006-NA274Y at 96 h, P<0.05). This implies that the mutations studied did not have much of an effect on the growth characteristics of the viruses in MDCK cells, even if some mutations strongly decreased the NA activity of the virus (data not shown). The yields of rg006-NA292K were significantly lower than those of rg006-NA292R at 24, 48, 72 and 96 h (P<0.05). However, rg006-NA292K still maintains a considerable level of replication in MDCK cells. Overall, all tested NAI-resistant viruses were capable of replicating in MDCK cells. Rg006-NA119V, rg006-NA246T and rg006-NA276Y showed comparable replication capacity to their sensitive counterparts.
Discussion
Before the fifth epidemic wave, the H7N9 virus that had been causing human infections since 2013 was weakly pathogenic to birds, although it was highly pathogenic to humans. However, in the fifth wave, which began in October 2016, HPAI H7N9 viruses were detected. Since then, 33 highly pathogenic H7N9-infected cases have been reported, accounting for less than 4% of all cases. Four NA mutations showed reduced susceptibility to NAIs, and R292 K, E119V, A246T and H274Y were identified in highly pathogenic H7N9 viruses from infected cases. In addition, the proportion of viruses with these mutations in highly pathogenic H7N9 was 27%, as reported in this study, which was significantly higher than in LPAI H7N9 viruses.
To avoid the potential effect of quasi species in wild-type virus on susceptibility to NAIs, we constructed viruses with reverse genetics and made directed point mutations at specific NA loci. Studies with the viruses constructed by reverse genetics technology, which excluded interference from other sites, can identify the susceptibility of NA protein to NAIs and evaluate the growth characteristics of the mutant viruses.
As shown in Table 2 , all four substitutions conferred either reduced or highly reduced inhibition to oseltamivir or zanamivir. 292 K in the NA protein of Fig. 1 Replication kinetics of recombinant viruses in MDCK cells. Cells were inoculated with the recombinant viruses at 37°C, and culture supernatants were harvested at 0, 18, 24, 48, 72 and 96 h post-inoculation. Virus titers were determined on MDCK cells. Growth curve of the rg006-NA292R(119E, 246A, 274H) in MDCK cells was in red, round; rg006-NA119V viruses were in blue, square (a); rg006-NA246T virus in purple, square (b); rg006-NA274Y virus in brown square (c); rg006-NA292Kviruses in green, square (d). Each data point represents the log10 mean ± SD TCID 50 /mL from at least two independent tests. *P < 0.05 HPAI H7N9 virus induced a high and multiple-drug resistance, which induced a mean 3686.29-fold increase in the IC 50 of oseltamivir and a mean 21.68-fold increase in the IC 50 of zanamivir. It has been reported that the NA R292K substitution also decreased the sensitivity of HPAI H7N9 to peramivir [4] . 292 K in the NA protein of LPAI H7N9 virus induced a more than 1000-fold increase in the IC 50 of oseltamivir and a 67-fold increase in the IC 50 of zanamivir [12, 17, 18] . Because the 292 K mutation showed reduced susceptibility to multiple NAIs and the degree of resistance it conferred was the most notable, especially for oseltamivir, it is suggested that once the 292 K mutation is encountered in H7N9 clinical cases, alternative drugs should be considered.
Single drug resistance to oseltamivir or zanamivir to varying degrees was observed in NA E119V, H274Y or A246T of HPAI H7N9 virus. The increases in the IC 50 of oseltamivir conferred by E119V and H274Y were 90.77-fold and 23.40-fold, respectively. Additionally, A246T conferred reduced inhibition by zanamivir. Regarding LPAI H7N9, the increase in the IC 50 of oseltamivir conferred by E119V and H274Y were 169-fold and 812-fold [12] , respectively. In conclusion, with the emergence of amino acid substitutions at key sites within NA, both LPAI and HPAI H7N9 viruses decreased their susceptibility to NAIs.
Based on our study, one of the reasons for the higher proportion of strains with reduced susceptibility to NAIs in HPAI H7N9 avian influenza viruses may be their replication capacity in mammalian cells. Generally, when influenza viruses undergo drugresistant mutations, their replication level in cells or their pathogenicity to animals may be reduced to varying degrees, especially when mutations occur in catalytic residues (R118, D151, R152, R224, E276, R292, R371, and Y406) that directly contact the sialic acid (SA) [19, 20] . As shown in Fig. 2 , a crystal structure model of the NA monomer of the A/Anhui/1/ 2013 H7N9 virus (PDB ID: 4MWJ) was used to display and label the four drug resistance mutations (292 K, E119V, A246T or H274Y) in the HPAI H7N9 virus. 292 K formed the wall of the catalytic pocket, which interacts directly with the substrate, sialic acid. 119 V, 246 T and 274Y are framework sites that interact with catalytic residues to stabilize the active site. However, our study showed that the replication capacity of rg006-NA119V, rg006-NA246T or rg006-NA274Y on MDCK cells was comparable to that of sensitive strains. Although the yields of rg006-NA292K were significantly lower than those of rg006-NA292R at 24, 48, 72 and 96 h postinfection (P<0.05), they still maintained a relatively good level of replication in MDCK cells. Compensatory mutations in some segments of the influenza virus might contribute to the maintenance of the growth characteristics of the H7N9 virus.
292 K, which frequently occurs in the HPAI H7N9 drugresistant strain, deserves special attention. 292 K has also been found in a chicken-derived HPAI H7N9 strain in LPM during wave 5 [21] . Usually, amino acid substitutions in NA conferring NAI resistance are found mainly in clinics after treatments with NAIs [3, 22] . Seven of the 9 human cases infected with HPAI H7N9 virus containing NA resistance mutations had clear information on receiving NAI treatment, with 6 cases treated before or on the same day as sample collection during their hospitalization. The emergence of HPAI H7N9 resistant mutants may be related to the use of NAIs.
Here, we identified all four potential NAI resistance sites of the HPAI H7N9 virus isolated from human cases in China. The effect of NAI-resistant sites in the HPAI H7N9 virus from human cases on the growth characteristics of the virus was studied for the first time. Our study showed that the occurrence of most mutations did not significantly reduce the growth of the virus in mammalian cells. These NA mutations have been found among fatal cases, so we need to pay special attention to them. Close monitoring of the NA mutations needs to be improved, and it is essential to promote the development and use of alternative antiviral drugs. 
